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Key steps of development of silicon -based image sensors are reviews and
explained  chronologically. And different aspects of the image sensor
chip design are discussed. Historical Sony Bipolar  Transistor and
Image Sensor Technology and Chip Design Efforts are explained in details,

that gave a strong hint and motivation for the author's new challenge

on the Sony P+PNPP+ Double Junction type Photodiode for Solar Cells.
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SONY P+PN+NPP®uble Junction Intel E/D MOS Transistor
Bipolar Transistor Transistor with SeltAligned S/D Formation
with Very Low Emitter and

Collector Resistance

Intel 1971 NMOS Transistor
with Self-Aligned S/D formation
by ion implantation method

Emitter Collector
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Carver’s Ground Breaking Class on MOS Circuit Design

In 1971, | was a Ph.D. student at Caltech when | was taking the EE Bipolar circuit design class. | almost
failed this class, but that is another story. MOS integrated circuits were the new thing and | asked Carver
why there was no Caltech class on MOS circuit design. He shrugged his shoulders and said if | was able to
get 25 students to sign a petition that they would attend the class, he would teach a class on MOS circuit
design.

Twenty Five brave Caltech students signed up and the rest is history. At the first lecture, Carver
announced that this was not going to be the typical lecture class...but an actual design class, where each
student would design their own MOS shift register circuit, Intel would fabricated the wafers, and the
student would test their chip designs. If a student’s design worked...they passed the class; if it did not,
they failed the class. Only 8 of the original 25 registered students hung in there after the first EE281
lecture. The entire design, mask generation, wafer fabrication, and chip design testing all occurred in a
short 13 week quarter. This ground breaking class was memorialized in an article the February, 1972
issue of the Caltech Engineering and Science.

Some of the memorabilia from this 1971 EE281 class are shown below...the drawings and the actual
Intel fabricated chip.

Carver’s EE281 MOS design class changed my career from what would have been a research scientist at
IBM or HP labs into being a design engineer and general manager at Intel Corporation. All eight of
Carver’s EE281 students became pioneers in the semiconductor industry. | owe Carver Mead a debt of
gratitude for his willingness to teach this class and for him arranging for my job interview at Intel. His
educational leadership has inspired many Caltech students.

Dick Pashley
Caltech EE Ph.D., 1974

Figure 6: February 1972 E&S Issue Commemorating the EE 281 Class and the EE 281 Chip

https://www.kyotoprize.org/en/laureates/carver mead/

[10] C.A. Mead et al, "128-Bit Multi Comparator", IEEE Journal. of Solid
State Circuits, VOL.SC11, No.4, Oct.1976. Caltech/Intel Project

1972-1973. 1.06
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Simulation and Device Characterization of the P+PN+P Junction Type
Pinned Photodiode and Schottky Barrier Photodiode

Yoshiaki Hagiwara

AIPS
Artificial Intelligent Partner Laboratory

Abstract: Atsugi-city,Japan

Process parameter tolerance of semiconductor device is very important for manufacturability
and yield. Pinned Photodiode has by definition the pinned surface potential of the low surface
dark current feature and the pinned empty potential well of the no image lag feature with the
excellent blue light sensitivity of the ideal quantum efficiency. This paper reports simulation and
device characterization of the unique P+PN+P junction type Buried, Depletion and Pinned
Photodiode with excellent manufacturability, originally invented in 1975. Related various
historical photodiode structures are reviewed, including the metal semiconductor Schottky
Barrier photo sensor of Au/ B - Ga , O ; type in search for the low leakage and dark current
photodiode which led the 1975 invention of the low leakage P+NPNsub junction Pinned
Photodiode by Hagiwara.

Schottky Barrier on Gallium Oxide hitp://www.aiplab.com/

Yoshiaki Hagiwara

Schottky Barrier Photo Response with zero bias Schottky Barrier Forward Bias Response

[33] Y. Hagiwaraii Si mu hraDevice@haracterizatioof the P+PN+PJunctionType PinnedPhotodiodeandSchottkyBarrierP h ot o d i o d ¢
4th IEEE EDS Technology& ManufacturingConf. (EDTM2020, PenangVialaysia,March16-18, 2020
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Some Basic Concepts for understanding Semiconductor Device Physics

Compton Effect 1923
(Albert Einstein 1900)

ai ﬂz_l':(mic)( 1-cos(0))

' -

.
.
.
.
.
.
.
.
.
-
.
.
Yo
.

. Einstein and Compton received Nobel Prize in 1927.
koE C =2.99792458 x 10" cm/sec

pank 2% h = 6. 62606957 x 10 Joule-sec ' —
TEFomE m,=9.10938291 x 10 kg __(seaof electrons) /- _ __I__W
"E=hw=hfzhc/A| AN NN e\
g CE(eV) =1.24/A (um) | meV 2 AN ° AN ?‘_' .'_'zorbit Electr‘9f.l': c_"'.' p
g ‘ 2 & Phy.si.cal_MO(;eI of M.etal . o
§ % i5 ensnens:i [E=hw=hf=hclA|
> _.." -..".- . =.
0] W  Photon Energy _E(eV) =1.24/A (um) |

https://en.wikipedia.org/wiki/Compton_scattering

1.14


https://en.wikipedia.org/wiki/Compton_scattering

Some Basic Concepts for understanding Semiconductor Device Physics

Metal Semiconductor

Huola FE'.' ﬂ%ﬂ- =
|
*-*.-"q*.-'rln-"-. ) ..mJ 1"'1"'1"-"‘1"1"‘1"1“‘1“1“‘#"1“‘1"‘1‘*‘1"‘

S S

.|l"
##a# J
f

iiiii

£—1

N-type Semiconductor
1.15



Some Basic Concepts for understanding Semiconductor Device Physics

Metal Semiconductor
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Why N+NPP+ single junction solar cell has a limited conversion efficiency ?
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Some Basic Concepts for understanding Semiconductor Device Physics
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Some Basic Concepts for understanding Semiconductor Device Physics

Emitter Collector
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(1) Introduction

1.2 Sony Bipolar Transistor Portable Radio

Figure 1a Regency TR-1 Radio
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Sony Bipolar Transistor Portable Radio

Figure 1b  Circuits Diagram of Regency TR-1 Radio
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"Explanation on the Progress of the Introduction of

Phosphorus to Germanium Grown-Type Transistors"

In April 1954, after Kazuo Iwama returned from the United States, Tokyo

Tsushin Kogyo decided to develop grown-type high-frequency transistors

for transistor radios. Tetsuo Tsukamoto was put in charge of this project. A
crystal-pulling device was designed and manufactured, and transistor
production began immediately. The TR55 transistor radio was released in

August 1955.

Figure 1a Regency TR1 Radio Masaru Ibuka Kazuo lwama Reona Esakil.24



However, the yield of local oscillator transistors was poor, and while radio
production and sales grew steadily, semiconductor yields struggled to
improve. Tetsuo Tsukamoto experimented with using phosphorus, the
element with the smallest atomic number among the five elements, as the

emitter material. The resulting transistors performed excellently, with

excellent high-frequency characteristics and yields. This was due to the fact

that the diffusion coefficient of phosphorus in germanium is much lower

than that of antimony.

Figure 1a Regency TR1 Radio Masaru Ibuka Kazuo lwama Reona Esakil.25



The company switched production to this approach, but this time yields
continued to fall to zero, and the company found itself in a difficult position.
Emitter to Base junction shows a strange switching characteristic.
Tsukamoto Tetsuo asked Esaki Reona to investigate transistors, and Esaki
Reona recognized the strange IV characteristics is due to the tunneling
phenomenon due to the band narrowing of the PN junctions.

At the same time, it was discovered that the solution to this problem

was to optimize the concentration of phosphorus. To achieve this,

Tsukamoto Tetsuo came up with the idea of adding a compound
semiconductor called indium phosphide to molten germanium, and the
experiment was successful. Indium segregates and does not enter the
transistor part. The key was to accurately measure the amount of indium

phosphide to add. This was in the spring of 1957, and it gave Sony an

advantage in transistor radios.

Dr. TetusoTsukamoto

Figure 1a Regency TR1 Radio Masaru Ibuka Kazuo lwama Reona Esakil.26



Some Basic Concepts for understanding Semiconductor Device Physics
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Figure 1: The drift-field transistor for high frequency operations, invented by Herbert
Kroemer in 1953.

[5] Yagi H, Tsuyuki T, Koma K, Miyazawa Y. A novel bipolar device with low emitter impurity
concentration structure. In 1974 International Electron Devices Meeting (IEDM), Washington, USA,
December @11, 1974, pp. 26265

[36] https://edsieeeorg/images/files/newsletters/Newsletter J&38.pdf

Yoshiaki Daimon Hagiwara, "Chronology of silicon-based image sensor development”,
IEEE EDS Newsletter pp.1821. Jan 2023 1 27
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Intel E/D MOS Transistor with SeMligned S/D Formation

Intel 1971 NMOS Transistor
with Self-Aligned S/D formation
by ion implantation method

Ll 1]

P+

Conventional N+P Single Junction Photodiode

with the serious image lag problem

in 1971 Interline Transfer CCD Image Sensors

]

P+

P+
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Intel 1971 NMOS Transistor
with Self-Alighed S/D formation
by ion implantation method

Photo Photo

Resist Resist

P+

Sony P+PNPP+ N+P Double Junction Photodiode
with no serious image lag problem

applied in 1971 Interline Transfer CCD Image Sensor

Sony JPA1976-134065 (JP1977-58414 )
by Yoshiaki Hagiwara, filed on Nov 10, 1975

cTL CCD Storage Gate

Hagiwara

el

)|

Conventional N+P Single Junction Photodiode
with the serious image lag problem
in 1971 Interline Transfer CCD Image Sensors

P+

P+

Japanese Patent Application JPA 1975-134985
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Hoy 30 e TiF amon 1
SEFRIRER (1) Application Patent No. 1975-134985
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JPA 1975-124985 Claims English Translation

Ja_lpanese In a semiconductor substrate
e —e——— (Nsub) the first region (P1) is
' 1 CPEMROEIC. M1 TRRIO N 1 R e formed. Then the second region
&, ZO EICHES NLZM 2 SWNOM 2 T (N) is formed upon it forming
| the collector junction (Jc). Then
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e N R S L
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RS T, EORBETIS LD -
LSBT R, charge transfer device (CTD).
|
This is the invention of a PNP double junction dynamic photo transistor.
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Siliconbased Image Sensors

(1) Photo Diode (3) Image Processor

retina
B NVRAM

cornea

“(2) Charge Transfer Device
(CTD)
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Siliconbased Image Sensors

NePs junction Esaki Diode P+PN+P junction type Pinned Photodiode
A Vd See Japanese 1975127647 patent
Ne Pe
j_- D SIO2(Ps [P | N¢ P —
e —
Classical N+P junction type Photodiode -
—] 1 -l- Pinned Surface (this Paper)
$I02 N | P
B e 4 j-_ wﬂ\m Polysilicon G.'to MOS Image Sensor
PoNp Pinned Photodiode E $i02 5
SSDM19 c:‘-l,:,m,e- i P ie?
Schottky Barrier Junction

F M_.e, Ga20s (Ntype)
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Intrinsic Silicon Substrate P+

XO X=XJ

Load {EG Vout+VB+VBN+VBP Vout=0;VB=0;} T """" :

l DN= Ncexp( VBN/KT ) - Nv exp( (VBN -EG )/kT))  VBP

i : No Electric Field
L 5 5 for Photo Electron and Hole Pair Separations

[

VBN = (1/2)(EG+ (kT )In(Nc/Nv))

No Electric Field
for Photo Electron and Hole Pair Separations

VBP = (1/2)( EG— (kT ) In (Nc/Nv))
DP= Nv exp(— VBP/KT ) — Nc exp( ( VBP — EG )/kT))
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< = WDN }g== WDP

X=:0 X=X1 X=XJ X=X2

* WD >

No Electric Field

l DN= Nc exp(;— VBN/KT ) — Nv exp( ( VBN — EG )/kT) )

|
II
s _
|
II

No Electric Field

VB

VBP = (1/2)( EG—(1(T )In(Nc/Nv))
DP= Nv exp( — VBP/kT ) — Nc exp( ( VBP — EG )/kT) )
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FloatingSurface Single N+P Junction Photodiode Sensor

Conventional Floatingsurface
N+PP+ Single Junction Photodiode type Solar Cell

Light Vout <0
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Conventional Floatingsurface
N+PP+ Single Junction Photodiode
Used In

Classical NMOS Image Sensor
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Vs
Light 2 - _.Vd
'ds
! 5
Lf? Vd

Small and Slow Current Flow

——e == lds
V"‘Im Vd

Imaege Lag

lds(t)=lo ( Vs — Vch )2
Qsig(t) =Qoexp (—t/ )

Qsig :
: Image Lag

Very short :
Reset Time
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https://en.wikipedia.org/wiki/Bucketbrigade device

Abucket brigadeor bucketbrigade devicgBBD is adiscretetime analogue delay liné! developed in 1969 by
F.Sangster and Keer of the Philips Research Labs inltlsgherlands It consists of a series ofipacitancesections
G to G, The storedinalogue signas moved along the line akpacitors one step at eachlock cycleThe name
comes from analogy with the terimucket brigadgeused for a line of people passing buckets of water.

Light -
J Vout < 0
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https://en.wikipedia.org/wiki/Bucket-brigade_device

https://en.wikipedia.org/wiki/Bucketbrigade device Photo Current Sensitivity

Measurement Circuit,
Abucket brigadeor bucketbrigade deviceBBD is adiscrete which also works
time analogue delay linél developed in 1969 by Bangster and Reer as Solar Cell
of the Philips Research Labs in thetherlands It consists of a series
of capacitancesections gto G,. The storedanalogue signas moved VDD > 0
along the line otapacitors one step at eachlock cycleThe name
comes from analogy with the terimucket brigadg used for a line of

people passing buckets of water.

Light ‘
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along the line otapacitors one step at eachlock cycleThe name
comes from analogy with the terimucket brigadg used for a line of

people passing buckets of water.
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Fairchild PinneeSurface CCD/MOS Photo Capacitor Sensor with Vertical Overflow Drair

VGZ
Ul/l/ﬁ[ y <4
PR Ty RO T S P-"
S NG R ST
SUB (P2)
SUB (P1)

J. M. Early, U.S. Patent 3896485, Dec. 3, 1973. 5 21



Fairchild PinneeSurface CCD/MOS Photo Capacitor Sensor with Vertical Overflow Drain

- Thisis a Pinnegdurface

T o
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OMANL | Bl Y|
| Y’

Grounded CCD/MQOS
Photo Capacitor with
no image lag and also
a perfect vertical
overflow drain (VOD)

" Function, capable of

the electrical shutter
function capability.
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Photodiodes are used for photodetectors of image sensors.

ﬁ)n June 9, 1975, Philips I'[]j] proposed a double junction type Buried Photodiode for the first time in the world\
and used it in CCD image sensors. By providing an oxide-covered silicon P type surface region for the light incident

section, the MOS sensor electrode that normally covers the entire light receiving surface of the photodiode can be

eliminated to improve the light sensitivity greatly. '

This i IS not a pinned photodiode.
(1) Photo Diode i (2) Charge Transfer Device (CTD)

215 1213:7 14 75 8 10 9 3

l

_ [ N~ L=

/ De}letion‘MOS o

4 ' 14
% manead \.;*- N ey NN N

l)mﬂ)tentual Wed/ / /l

18 21 20 \2

The surface P+ hole accumulation is floating with RC delay time constant to the substra

llllllllll

[1] J. Santen, JPA1976—65705 with priority claimed by Patent 7506795 filed in Nederland on June 9, 1975. 231
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Photodiodes are used for photodetectors of image sensors.

ﬂ)n June 9, 1975, Philips [1] proposed a double junction type Buried Photodiode for the first time in the world\

and used it in CCD image sensors. By providing an oxide-covered silicon P type surface region for the light incident
section, the MOS sensor electrode that normally covers the entire light receiving surface of the photodiode can be
eliminated to improve the light sensitivity greatly. Then, on Oct 23, 1975, Sony proposed a double junction type
[2] and a triple junction type [3] Pinned Buried Photodiode. While Buried Photodiode with the floating surface

is known to have the serious image lag problem, Pinned Buried Photodiode invented by Sony with the pinned

\surface hole accumulation region has the complete charge transfer capability and suffers no image lag problem. /

(a)JPA1975-127646 (b)JPA1975-127647

(c)JPA1975-134985
priority on Oct 23, 1975 = P priority on Nov 10, 1975
o = (e 1= eE—T g} e
1 v = Z = e 2
Y "’_J P lelsr] &~ Hlo) A { o _;NE 23 6 Ix1
-~ £ : d B 14— - _57'—“. : : s
s = — S— s & | e Wuer A
B e 4 - :s
= B - Surface Barrier Potential
Vawiwr
i - B
- ] =S B
C = Surface Barrier Potential
L S o vep
N ‘ : 3
ey : : Complete Charge Transfer
c _ i action with no image Lag
» Ve " H

Pinned Ern.-p-t.; FPotential Well
[2) Y. Hagiwara, JPA1975—127646 on N+PNP Pinned Photodiode with Global Shutter Buffer Memory
[3) Y. Hagiwara, JPA1975—127647 on N+PN Pinned Photodiode with Global Shutter Buffer Memory
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D

Sony Double Junction Photodiode Sensor with Vertical Overflow Drain
(

In the same year, on November 10, 1975, inspired by such structure, Sony invented a PNP junction type Pinned
Buried Photodiode with vertical overflow drain (VOD) function [4] . It is a basic proposal for a pinned buried
photodiode with the electrical shutter function capability with a P+ layer on the surface of the light receiving part
and the complete charge transfer capability achieving the no-image-lag feature. The vertical overflow drain (VOD)

function capability is essential to achieve the electrical shutter function for fast action and snapshot motion pictures.

This invention opened the new era of the completely mechanical-parts free and filmless video cameras.

(a)JPA1975-127646 (b)JPA1975-127647 (c)JPA1975-134985
priority on Oct 23, 1975 . priority on Nov 10, 1975
1

o ~» o ;.:ﬂ
efp ey =

~N
0 3 |
= - L
1 Z =
of_l 2o ko U F W A '2’” ad ] © 45 6 o ¢ 5

o
~ B ey o€ = | 18 2
190u ¥ = R it

B 4
§ || Ee=1.1ev
Vp ¥..... gooeeee l.... b
' Compléte Charge Transfer Ev 3
f i action with no image Lag

7 s 8 '
Surface Barrier Potential ; , |

Vp b o ' Pinned Empty Potential Well

Vp

[4) Y. Hagiwara, JPA1975—134985 on P+ NPNsub Pinned Photodiode with VOD with no image lag
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In 1977 at Sony Hagiwara fabricated the P+PNPP+ double junction photodiode shown in Fig.2 below and use it
for a FT CCD image sensor with 380H x 499V picture cellelements (pixels) and reported at the SSDM1978
conference in Tokyo, with a testing element device which is similar to Fig.2b which gives a very wide
depletion width of a completely-depleted buried n region. Hagiwara was invited to talk about the
pinned-surface double-junction type photodiode image sensor at the CCD1979 conference in Edinburgh,
Scotland in UK and also and at the IEEE ECS1980 conference in St. Luis, USA. In 1984, KODAK in the
IEEE SSDM1984 conference also reported the Sony Bipolar Transistor type pinned-surface photodiode.

Hagiwara SSDM1978 Paper on Pinned Buried Photodiode.pdf

Proceedi of the 10th Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager

The
plantation mask, boron ions with the dose

N . - Gates level of 2x10'* cm™? are implanted into the
shiaki Dai i A Chil silicon substrate throughout the exposed por-
Yoshiaki mon-HAG \RA, Motoaki ! and 0 OKADA' tions of the thermally grown oxide. This step

= % provides self-aligned channel stops which sur-

Longer Wave Length Light (0.5~0.7 #m) has almost 100% QM (n =1) in Silicon. round the narrow-chantel traneler part of each

QM100% (7 =1) Line electrode. The gate oxide thickness is 130 nm
il throughout the device.

The

transfer efficiency of the vertical and horizontal
shift registers are more than 99.995% per
transfer. And high image resolution of 280 TV
lines/p.h. (Horizontal) and 350 TV lines/p.h.
(Vertical) have been obtained.

The typical dark current level is less than 3%

wrean s -

‘b .m?‘lm «ﬁ?. o of the maximum signal level at the room tem-

Fig. 2. cross sectional views of the electrode Fig 13, § 1 R of the ph perature of 20°C. The spectral response of the

ie i imager shows that this inherently SiO; exposed

Thls is thg first original PNP Pinned Photodigde devel_o‘pgd prammonlingihrenampmirapanne s pofe

in 1978 with the excellent short-wave blue light sensitivity. 450 nm wavelength and functions as a color

Hagiwara at Sony invented and formed the adjacent P+ channel imager with high sensitivity.

stops to pin the P+ surface, using high-energy ion-implantation. The typical dark current level is less than 5 nA/

. . . " . cm?, For the particular device reported in this

This PNP double junction Pinned Photodiode structure can paper, the ion implantation dose of the buried
be used for a solar cell with a very high quantum efficiency. channel is taken to be 1.7 x 10'* em ™2,

03] .71/ .]1QMLW @anmj _p Rp_lgggrmp N) NLNN) E
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Hagiwara SSDM1978 Paper on Pinned Buried Photodiode.pdf

Proceedinr of the 10th Conference on Solid State Devices, Tokyo, 1978;
Japanese Journal of Applied Physics, Volume 18 (1979) Supplement 18-1, pp. 335-340

A 380H x 488V CCD Imager
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: e . throughout the device,
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in 1978 with the excellent short-wave blue light sensitivity. 2 /./ .3 mos 150nmpoly
Hagiwara at Sony invented and formed the adjacent P+ channel 5 —— — : o 700
stops to pin the P+ surface, using high-energy ion-implantation. ' ar
) i . ' X Fig. 7. Relative spectrum response. The relative response of the bipolar-type
This PNP double junction Pinned Photodiode structure can Si02-P2-N1-P1-SUB structure is compared with poly-SiO2-N2-P(SUB)

2 . o 2 structures of the polysilicon thickness of 50 and 150 nm.
be used for a solar cell with a very high quantum efficiency. e
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